Introduction
Mesial temporal sclerosis (MTS) is the most common cause of refractory epilepsy in adults. [1] [2] [3] Pathologically it is characterised by neuronal loss and chronic fibrillary gliosis centred on the pyramidal cell layer of the hippocampus. 4 Typically, these patients have a clinical history of brain insult at a young age (febrile seizures, trauma, infection), followed by an asymptomatic long period of time, after which refractory epilepsy develops. 5 The seizures are usually characterised by an aura with sensoriovisceral or physical sensations, followed by behavioural arrest and oroalimentar and upper limb automatisms. 3, 4, 6, 7 Magnetic resonance imaging (MRI) is the method of choice to confirm the presence of MTS. 8 Also, it has been recognised that patients with positive MRI findings have better surgical outcomes. 9 The MRI protocol should be oriented to the temporal lobes, including thin coronal acquisitions aligned perpendicular to the longitudinal axis of the hippocampal body. 10, 11 Typical findings include hippocampal atrophy, gliosis and loss of its internal architecture with flattening of the fimbria; other possible findings are ipsilateral temporal lobe atrophy, temporal horn dilatation and blurring of the white matter-grey matter interface. [11] [12] [13] About one third of the normal individuals could present with increased T2 fluid-attenuated inversion recovery (FLAIR) signal of the hippocampal structures, 14 a fact that could incorrectly lead to the diagnosis of MTS. The rate of detection of MTS by visual inspection on MRI is very variable among different studies (62-85%) [15] [16] [17] and in cases with mild hippocampal degeneration, even epilepsy trained radiologists have difficulty detecting the above-mentioned abnormalities through radiological assessment. 18 Hippocampal volumetry using T1 volumetric acquisitions proved to be a valuable method to identify the presence of MTS for more than two decades. 19, 20 Initially, only manual methods were used, which require substantial expertise to delineate the boundaries of the intricate anatomy of the hippocampus in a consecutive considerable number of slices. Therefore, this procedure is very time consuming and operator dependent. 21, 22 More recently, the automatic segmentation of hippocampal structures brought by software packages such as FSL, Freesurfer or NeuroQuant, demonstrated results almost as good as the manual methods in adult patients. [21] [22] [23] This methodology is much simpler and suitable for the demands of the clinical practice in epilepsy centres, revealing an interesting diagnostic accuracy (sensitivity 87-95%, specificity 57-94% and accuracy 82-89%) for the diagnosis of MTS. [15] [16] [17] [18] 24 Objective The aim of this study was to access the potential clinical use of automated hippocampal volumetry in patients with mesial temporal lobe epilepsy (MTLE), comparing its diagnostic accuracies with visual inspection of experienced epilepsy neuroradiologists.
Materials and methods

Subjects
We retrospectively reviewed our epilepsy surgery centre database. We selected adult patients who underwent surgery and had surgical specimens with confirmed hippocampal sclerosis by pathological study and adult patients in whom pathological study was inconclusive or when the patient did not undergo surgery, but video-EEG findings were compatible with MTLE and MRI findings excluded other causes for MTLE than hippocampal sclerosis. We found 31 eligible patients, 12 of whom were excluded because they did not have volumetric T1 studies for hippocampal segmentation, because they were performed before the routine implementation of the MRI epilepsy protocol in our department. The control group was composed by 15 probands matching the study group in of terms age and gender, who had MRI scans performed in different clinical contexts (to exclude underlying pathology in cases of headache, for example) and had no history of epilepsy or structural abnormalities. The gold standard criteria for the diagnosis of MTS were pathological studies or, in their absence, concordant video-EEG, clinical and imaging findings. The study had the approval from the ethics committee of our institution.
Data acquisition
The scans were performed using two different scanners, a 3 Tesla (T) magnet-field unit (TrioTim, Siemens Healthcare, Erlangen, Germany) and a 1.5T unit (SyphonyTim, Siemens Healthcare, Erlangen, Germany). Every patient underwent the epilepsy protocol of our institution, which included: axial acquisitions on T2 turbo spin-echo (TSE), T2 FLAIR, T1 spin-echo (SE), T2 gradient-echo, diffusion weighted imaging (DWI), coronal thin slices perpendicular to hippocampus long axis T2 (TSE), T2 FLAIR, T1 inversion recovery (IR) and T1 weighted isometric acquisitions (3T:
Neuroradiologists' evaluation
Two neuroradiologists with 6 and 16 years of experience (DV and DC, respectively) and epilepsy imaging expertise examined the images separately, blinded to clinical data and to volumetric analysis results. They were requested to evaluate the presence of atrophy and/or gliosis of the hippocampi and, independently of that, the existence or not of MTS. They were invited to leave comments about other possible abnormalities seen on mesial temporal structures, such as flattening of the fimbria of the head of the hippocampus or atrophy of the columns of the fornix. In cases when the neuroradiologists had different opinions related to the presence of atrophy, gliosis or MTS, a consensus was reached after joint review.
Automated volumetry
The automated volumetry method consists of two main steps. First, after the appropriate format conversions using DCM2NII, the hippocampal segmentation was performed using FIRST (FMRIB's integrated registration and segmentation tool) from FSL version 5.0. 25 This tool allows subcortical brain segmentation based on a Bayesian model of shape and appearance. It begins with a two-stage linear registration, which includes an affine registration of the whole head to the non-linear Montreal National Institute (MNI) 152 template and another registration using a subcortical mask defined in MNI space, both to the non-linear MNI152 template. In order to develop a tridimensional mean model, FIRST uses a training dataset of images from 336 subjects that were manually segmented. This model is then adjusted to our target structure, the hippocampi. 26 Second, using the hippocampi masks that resulted from the previous step, we calculated its volume for each side of the brain. Both these steps were developed and included in a script that was implemented in the Advanced Brain Imaging Lab (ABrIL) cloud platform, a web remote virtual desktop infrastructure that provides a complete set of validated neuroimaging research applications, through a neuroscientist-friendly graphical interface. 27 
Data analysis
Statistical analysis was performed using SPSS version 20 software.
We considered P values significant when 0.05 or lower.
Homogeneity between control and patient groups was ensured by the chi-square test for gender and Student's t-test for variable with normal distribution of age, guaranteed by the Shapiro-Wilk test. 28 In order to quantify the asymmetry between left and right hippocampi, a relative hippocampal asymmetry index (HAI) was calculated using the following formula:
where V left represents the left hippocampus volume, V right corresponds to the right hippocampus volume and V mean is the mean between the left and right volumes.
Using the method of receiver operating characteristics curve and the absolute values of HAI, we determined the cut-off for HAI that resulted in higher diagnostic accuracy for MTS. The results were manually and individually confirmed to avoid misdiagnosis on the opposite side of MTS.
The diagnostic accuracy of the neuroradiologists and automated volumetry evaluation were calculated separately and compared. We also calculated the overall performance of the two methods combined, for this we considered a subject to have MTS when both methods were positive and not to have MTS when one or both methods were negative.
Results
Nineteen patients composed the study group. Fourteen had MTS on the left side (73.7%) and five on the right (26.3%). There were no cases of bilateral MTS. Women represented the majority of the cohort, 73.7% (n ¼ 14). The mean age was 43.4 AE 10.4 years and histological confirmation of MTS was present in 13 patients (68.4%). The control group consisted of 15 subjects, nine women (60%) and a mean age of 38.47 AE 15.5 years. These data is summarised in Table 1 .
Neuroradiologists' evaluation
Neuroradiologists correctly detected MTS in all patients (sensitivity of 100%; 95% confidence interval (CI) 82-100%), four controls were misdiagnosed as having MTS (in all cases, the neuroradiologists considered the presence of atrophy and gliosis in the left hippocampus) and 11 were correctly identified as not having MTS (specificity of 74%; 95% CI 45-92%) with an accuracy of 88%. They demonstrated good agreement with gold standard criteria (k ¼ 0.755, P < 0.001).
Automated volumetry
Automated volumetry detected a physiological asymmetry between the left and right hippocampus in the control group (the left was 2.1% bigger than the right).
The analysis revealed that the best cut-off to establish a diagnosis of MTS was when the HAI was 0.1355 or higher. The automated method identified MTS in the affected hippocampus in 16 patients (sensitivity of 84%; 95% CI 60-96%), whereas three were wrongly diagnosed as controls and none was considered positive on the opposite side of MTS. Automated volumetry correctly identified 13 controls and misdiagnosed two as having MTS (specificity of 87%; 95% CI 60-98%). The area under the curve was 0.9 (standard error 0.064, P < 0.001; 95% CI 76-100%) and the accuracy was 85%. This method had good agreement with gold standard criteria (k ¼ 0.704, P < 0.001).
Overall performance
The two methods had a moderate agreement with each other (agreed in 25 out of 34 subjects, k ¼ 0.459, P < 0.05).
Combined, they had a sensitivity of 84% (95% CI 60-96%), specificity of 100% (95% CI 78-100%), accuracy of 91% and very good agreement with gold standard criteria (k ¼ 0.825, P < 0.001).
The details of the diagnostic accuracy for both methods are shown in Table 2 . Figure 1 shows the distribution of the HAI according to the presence / side of MTS and the neuroradiologists evaluations. 
Discussion
The neuroradiologists' evaluations revealed an outstanding sensitivity, compared to other studies with the same objectives. During the process of evaluation, neuroradiologists valorised even the small abnormalities in the hippocampi to avoid false negatives, with the downside of a considerable number of false positives. This is in line with clinical routine practice, in which they tend to report the subtle hippocampal abnormalities that should be correlated with the other clinical, imaging and laboratory data. Furthermore, we decided to promote clinical consensus between the two neuroradiologists by combining their examination in the discordant cases. This approach best fitted our daily practice, in which these scans are generally evaluated by the two experts.
Concerning the performance of the automated method, it did not report a significant asymmetry between the hippocampi in three patients with left MTS, whereas the neuroradiologists found atrophy and gliosis in left hippocampus in all cases. Relative to the asymmetry found in two of the control cases, the neuroradiologists did not found any abnormalities. One of these cases had a particularly high HAI (0.392), in spite of non-existent abnormalities by visual inspection.
Regarding the hippocampal segmentation, the anatomy of the hippocampus is very complex, with curved surfaces and grey and white matter layers that can make its separation from the cortex very difficult. The fact that the hippocampus is a small structure could also lead to errors in the volume calculation resulting in significant differences in the results. 16 Despite this fact, automatic segmentation has the advantage of being on average 77% faster than manual segmentation, 29 and is less prone to bias related to assessment made by different operators. 30 Physiological asymmetry between hippocampus volumes is a finding reported in various studies. 16, 17, 31, 32 In these studies, the right hippocampus was systematically reported as being the larger, with values varying between 1% and 2.1%. The left dominance seen in our study could be a physiological finding of our population, but only studies with larger cohorts could confirm this hypothesis. Correction of the volumetry values for the physiological HAI slightly improved the sensitivity of the automated method (89.5%).
As in other studies, 16, 17 we used a relative asymmetry index that could normalise the overall differences between the volumes of the hippocampi of the different patients. This method is clearly fallible to study patients with bilateral MTS, but in our experience it revealed to be more accurate than using nonrelative hippocampal indexes or using the brain volume as the normalising factor. One possible way to solve this question is the use of a large database with volumes of healthy patients, allowing the comparison between hippocampal volumes with matched age and gender subjects.
Concerning the possible differences between the magnet fields, there are works reporting no difference between 1.5T and 3T for segmentation purposes. 33, 34 In our study, we had only two probands scanned in the 1.5T equipment (one control and one with left MTS) and in both cases the volumetry results were within the average for the pathology group.
The use of the two methods combined resulted in excellent specificity (100%). However, this approach misses a small and yet important number of the patients (three of 19, 15.8%), a high percentage in clinical practice. In this line of thought, our work supports the use of a simple workflow that could improve the diagnostic accuracy for MTS. After the mandatory visual analysis of the structural MRI, the cases that the neuroradiologists considered to have MTS should undergo hippocampal volumetry for confirmation. If the volumetry does not reveal significant unilateral atrophy, the patient should be re-evaluated, but the diagnosis of MTS should not be excluded (Figure 2) .
There are other studies reporting the benefit of including hippocampal T2 signal intensity analysis in the evaluation of patients with MTLE, 15, 18, 24, 35 but this approach was not contemplated in our study.
Other limitations of this study include the small size of the cohort, the fact of being a retrospective analysis and the absence of histological confirmation of MTS in all patients.
Conclusions
Automated volumetry of the hippocampus could play an important role in temporal lobe epilepsy evaluation, namely in the confirmation of a unilateral diagnosis of MTS in patients with radiologically suggestive findings.
In the future, it would be interesting to use a larger cohort dataset and apply a multimodal approach to combine data from T1, T2 and FLAIR images to support the diagnosis of MTS.
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